SimpleTreat 3.1 predicts the distribution and elimination of chemicals by sewage treatment. The model is used as the default calculation in EUSES 2.0 to estimate exposure concentration in the receiving water, soil and air. A sensitivity analysis was performed to rank input parameters according to their influence on model predictions. Triclosan was selected for the base case. The sewage flow, degradation rates and parameters describing the raw sewage were shown to be the most sensitive inputs. The pH and dissociation constant are very sensitive parameters when working with ionisable compounds. Variation in certain input parameters was propagated through the model to yield greater variation in output parameters with a maximum ratio of 4.0. SimpleTreat 3.1 is a steady state model describing a highly non-steady system. A large variability in the most sensitive parameters is expected within a single sewage plant and parameters should therefore be selected to cover this variability.
INTRODUCTION
Many chemicals in common household products will require registration under the new European Community Regulation on chemicals and their safe use (REACH, Registration, Evaluation, Authorisation and Restriction of Chemicals, EC 1907 /2006 ). Environmental exposure modelling is expected to play an important role in regulatory decision-making. It is essential that approaches to predict the environmental exposure of down-the-drain chemicals are evaluated before they are used to support the authorisation or restriction of the chemicals tested.
Behaviour in sewage treatment plants (STPs) is critical when determining the environmental exposure of downthe-drain chemicals that comprise an important part of the chemicals falling under the REACH legislation. SimpleTreat 3.1 predicts the distribution and elimination of chemicals by sewage treatment. The model has become accepted as a useful tool for generic exposure assessment; it is used as the default calculation in EUSES 2.0 (European Union System for the Evaluation of Substances; EC ) to estimate exposure concentration in the receiving water, soil and air with a standard scenario. In Tier 1, the predicted removal of the substance in the STP is based on a number of default parameters describing the STP.
In refined assessment, predictions may be improved by using actual settings for the local STP and taking more realistic chemical properties into account (e.g. measured adsorption and degradation rates, degradation of the substance in both the aqueous and solid phases, REACH Guidance ).
Sensitivity analyses of mathematical models aim at ranking input parameters according to their influence on model predictions and are considered an essential part of model development and evaluation. The process helps to identify deficiencies in the theoretical structure of the model as well as those parameters that require the greatest accuracy in their determination and which require the most (or least) attention. It is useful to select the relative priority of parameters to be varied when model calibration is undertaken or to be included in probabilistic modeling (Dubus et al. ) . Sensitivity analyses are also important for modellers and risk assessors when considering realistic/worst-case scenarios within parameterisation.
A sensitivity analysis of the first version of SimpleTreat is presented in Struijs et al. () . However, the parameters studied relate mainly to processes whose formulations were modified in SimpleTreat 3.0 and 3.1 (volatilisation/stripping and biodegradation processes). Only one sensitivity analysis of SimpleTreat 3.1 was found in the literature (Parkerton ). The author studied the fate of benzene in a STP and compared the results obtained when three parameters were varied (i.e. biodegradation rates, aeration modes and type of plant).
Only two values were considered for each parameter and conclusions are therefore limited.
In this study, a one-at-a-time sensitivity analysis was performed with SimpleTreat 3.1 and using triclosan as a base case. The sensitivities of the parameters related to the chemical as well as the sewage treatment installation were evaluated against predictions for the fractions of the compound eliminated via volatilisation, water effluent, primary sludge (PS), surplus sludge (SS) and degradation.
MATERIAL AND METHODS
SimpleTreat 3.1 SimpleTreat 3.1 predicts the distribution and elimination of chemicals by sewage treatment. The system is divided into boxes and a steady state, non-equilibrium model is applied to predict the concentration in the different phases of each compartment. An earlier version of the model, SimpleTreat 3.0, is described in Stuijs (). The only difference between versions 3.0 and 3.1 lies in the estimation of the sorption coefficients (Wajsman & Rudén ) . SimpleTreat 3.1 is implemented in Microsoft Excel® and consists of four worksheets named 'input', '9-box' and '6-box' (two calculation sheets for installations with and without primary sedimentation, respectively) and 'output'. The model is readily parameterised for new chemicals, as it requires only: (i) basic physico-chemical properties of the chemical: molecular weight, water solubility, vapour pressure and hydrophobicity (Kow); and (ii) an emission scenario: the emission rate and the size of the STP (expressed as the number of inhabitants connected).
Other parameters related to the chemical (e.g. sorption coefficient, Henry constant (H), biodegradation rates) or to the installation (e.g. sludge loading rate, type of aeration) might also be defined in the 'input' sheet. Estimated and default values are taken if no data are provided (see Table 1 ).
The sheets '9-box' and '6-box' contain a set of fixed parameters describing the raw sewage and the operation of the STP. An unlocked version of SimpleTreat 3.1 allows the modification of these parameters and the assessment of their sensitivity. The '9-box' sheet was selected for the present study as it is recommended for use at the three spatial scales considered for risk assessment within the REACH evaluation (EC ).
Triclosan
Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol, CAS 3380-34-5) is a synthetic, broad-spectrum antimicrobial agent used in many contemporary consumer and professional health care products (Daughton & Ternes ) . This compound was selected for the base case because (i) a relatively large amount of experimental data is available in the literature and (ii) it does not have any extreme characteristics that would significantly bias the results of the sensitivity analysis. Triclosan also has the advantage of being ionisable and therefore allows the assessment of the sensitivity of parameters such as pH and the dissociation constant (pKa).
Basic physico-chemical properties of triclosan were compiled from the ChemIDplus database (). Adsorption coefficients in the raw sewage (RS) and activated sludge (AS) were estimated based on octanol-water partition coefficient (Kow), the Briggs equation (Briggs ; logKoc ¼ 0.52 × logKow þ 1.12) and organic carbon (OC) content of the RS and AS (0.30 and 0.37, respectively). An emission rate of 0.03 kg d À1 was selected based on data reported by the Environment Agency of England and Wales (EA ) and Sabaliunas et al. () . Dissipation half-lives reported for realistic in-stream conditions range from 2 h (Sabaliunas et al. ) up to 11.4 h (Morrall et al. ) . No data could be found on degradation of triclosan in sludge, so a biodegradation rate of 0.1 h À1 was chosen for the base case (equivalent to a half-life of 7 h when assuming first-order kinetics).
Sensitivity analysis
Model sensitivity can be evaluated using a range of techniques whose differences were previously discussed and assessed (Hamby ) . Here, we report on the simplest form of analysis, referred to as one-at-a-time sensitivity, where each parameter is varied one after the other, all other parameters being kept at their original values. This approach was selected because it is easy to understand by non-experts and relatively simple to implement, and because it provides a direct assessment of sensitivity without using 
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Biodegradation rates any transformation in the relationship between model input and model output. Disadvantages of the one-at-a-time approach are that (i) it is more computationally intensive than other methods when the analysis involves a large number of parameters; (ii) it is not suited to the study of the influence of large variations of input parameters on model predictions; and (iii) it does not take into account interactions resulting from the simultaneous variation of multiple parameters (Dubus et al. ) . Sensitivity analyses were performed for both the base set ('input' sheet) and the 'fixed' parameters representing the installation parameters ('9-box' sheet). The base case inputs as well as the range of variation are reported in Table 1 . The model was run for a minimum of four values for each input. The outputs considered represent the fractions of the compound (in %) eliminated via volatilisation (air), the water effluent, PS, SS and degradation.
The sensitivity of the model was assessed based on the maximum absolute ratio of variation (MAROV index, as described in Dubus et al. ) . Briefly, for each variation increment, the ratio of variation (ROV) can be defined as follows:
Where I is the value of the input parameter, I BC is the value for the base-case scenario, O is the value of the output variable, O BC the value for the base-case scenario. The ratio can take negative values if a decrease in an input parameter results in an increase in the output value (or vice versa). The sign of the ratio is not critical when the aim is to classify the input parameters by their influence on model output. Hence, the absolute value of ROV is often considered for classification purposes. The maximum absolute ratio of variation (MAROV) represents the influence of a particular input parameter. A MAROV of 1 means that a variation in the model input of x% will result at maximum in the same variation in the model output (x%). If MAROV equals 10, the disturbance of a model input will be propagated through the model and amplified to result in a maximum variation of the output by 10 times more. In the following discussion, MAROV values ranging from 0 to 0.01 describe insensitive parameters, from 0.01 to 0.1: slightly sensitive, from 0.1 to 1: moderately sensitive, from 1 to 10: very sensitive and >10: extremely sensitive parameters.
RESULTS
Sensitivity analyses were performed for both the base set (defining the chemical inputs and emission scenario in the 'input' sheet), and the 'fixed' parameters (representing the detailed installation characteristics in the '9-box' sheet). Two cases were considered for the base set: in Case 1, all inputs were provided by the user whereas Case 2 represents the situation where only the minimal set of parameters was provided.
Base set Case 1. Sorption coefficients and H are provided by the user
The MAROV values for each input/output combination are reported in Table 2 . Molecular weight, Kow, vapour pressure, solubility and pKa are insensitive parameters because the sorption coefficients and Henry's constant (H) were provided. Air temperature slightly affects the fraction lost by volatilisation, whilst the model is insensitive to water temperature and wind speed. The low volatility of triclosan results in negligible losses to the air compartment (<10 À5 %). The model was run again after setting H to 5.0 Pa m 3 mol À1 (which results in losses to the air of 3.8%).
There was no significant change in the MAROV values for air and water temperature and wind speed, so these three parameters can therefore be considered insensitive. ). This effect is in agreement with the results reported by Parketon ().
Parameters describing sorption of triclosan are moderately sensitive. The sorption coefficient for the RS is more sensitive than that of the AS (Table 2) , probably because the distribution of the chemical in the RS affects all the subsequent stages in the STP and consequently all the other outputs.
The most sensitive parameters are H, the sewage flow, the sludge loading rate and the biodegradation rates. H is extremely sensitive for the fraction volatilised (linear influence), whereas it does not affect the other outputs. The sewage flow has a negative influence on the losses by PS, surplus sludge and degradation, whereas it has a positive impact on the fraction lost in the water effluent and by volatilisation. The sludge loading rate has a negative influence on the fraction degraded and volatilised, whereas it has a positive influence on the fraction exiting the STP through the surplus sludge and water effluent. As expected, this parameter does not affect the fraction eliminated via PS.
Finally, the biodegradation rates are very sensitive; note that the base case outputs are different when k biodeg2 is used instead of k biodeg1 (0.0, 14.2, 23.1, 1.8, 60.9% lost via the air, water, primary sludge (PS), surplus sludge (SS) and degradation, respectively). k biodeg1 is slightly more sensitive than k biodeg2 for the fraction degraded; conversely, k biodeg2 affects to a greater extent the fractions lost via surplus sludge (negative relationship, especially at small degradation rates), air and water effluent than k biodeg1. This is probably a consequence of degradation occurring on both adsorbed and dissolved states when k biodeg2 is used. Note that degradation rates do not affect fractions lost via PS. Table 2 . Similarly to Case 1, the model is not sensitive to number of inhabitants, air temperature, water temperature, wind speed and daily emission rate. Molecular weight, vapour pressure, Kow and sewage flow can be considered moderately sensitive. Molecular weight and vapour pressure are used by SimpleTreat 3.1 to estimate H and therefore affect the fraction volatilised. Kow affects all the outputs as it is used to estimate sorption and thus determines the partition of the chemical between liquid and solid phases throughout the STP. Sewage flow affects almost all the outputs in a similar way to Case 1. It is, however, slightly less sensitive for losses via PS (especially at low flow rates), probably as a consequence of stronger sorption.
When sorption coefficients and H are not provided by the user but estimated by SimpleTreat 3.1, the most sensitive parameters are solubility, dissociation constant, sludge loading rate and biodegradation rates. Solubility is very sensitive but only affects the fraction volatilised (as it is used to estimate H). The dissociation constant (pKa) strongly influences sorption of ionisable compounds such as triclosan and consequently affects all the outputs. The shape of the plotting of the output variation versus the input variation is consistent with the increasing proportion of the neutral form of the acid (which sorbs more than the anion) as the 
Sludge loading rate pKa of the compound increases. As a consequence, fractions eliminated via the water effluent and via degradation decrease with increasing pKa whilst fractions eliminated in the PS and SS increase. Sludge loading rate affects the outputs in a similar way to Case 1. Finally, k biodeg1 is slightly less sensitive than in Case 1, probably because more compound is adsorbed and therefore unavailable for degradation. For the same reason, the sensitivity of k biodeg2 slightly increased compared to Case 1. Note that the base case (BC) outputs are different when k biodeg2 is used instead of k biodeg1 (0, 7.3, 35.0, 1.8 and 55.9% lost via the air, water, primary sludge (PS), surplus sludge (SS) and degradation, respectively).
Sensitivity of the 'fixed' parameters describing the raw sewage (RS) and operation of the plant ('9-box' sheet)
The MAROV values for each input/output combination are reported in Table 3 . The oxygen concentration and aeration rate are insensitive for the triclosan base case. The analysis was subsequently performed with H set to 5.0 Pa m 3 mol
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(to simulate a volatile compound). This only slightly increased for the depth of the aerator and solid-liquid separator, respectively). MAROV values for the other parameters are similar for volatile and non-volatile compounds. All these parameters can therefore be considered moderately sensitive. The concentration of suspended solids in the solid-liquid separator is moderately sensitive and positively influences the fraction eliminated by surplus sludge (linearly) as well as the fraction in the water effluent (negatively and linearly), most likely as a consequence of sorption. The most sensitive parameters describing the installation are the pH, the biochemical oxygen demand of the RS, the concentration of solid in the AS and the input of solids and their density in the different compartments. The pH is very sensitive but only affects the fraction volatilised. On the other hand, if the user does not provide sorption coefficients, pH becomes very sensitive for all the outputs (similarly to pKa, see Table 3 ). The biological oxygen demand of the RS positively influences the fractions eliminated by degradation and via surplus sludge and negatively influences the fraction eliminated in the water effluent. The concentration of solid in the AS negatively influences the fraction degraded (as a consequence of sorption) and therefore positively affects the fractions eliminated in surplus sludge and water effluent. Finally, the input solids and density of solids (suspended and settled) in the different compartments (RS, primary settler, AS and solidliquid separator) are very sensitive parameters, especially for the fraction eliminated via PS and surplus sludge. Increasing the input solid and densities in the primary settler and AS increases elimination via sludge. On the other hand, increasing the densities of the RS or that in the solid-liquid separator decreases elimination in PS and SS, respectively. The reason for the opposing effect of densities on the elimination by sludge is not clear. In real systems, densities are unlikely to take extreme values as tested in the present sensitivity analysis (density value up to 3.0 kg L À1 ); they are thus not expected to be as critical as is suggested by their MAROV values.
CONCLUSIONS
The sensitivity analysis for SimpleTreat 3.1 showed that no parameter dramatically affects the end outputs (i.e. propagation/cascade effects sometimes observed for complex models of chemical fate were not observed). The sewage flow and degradation rates are very sensitive parameters that strongly influence all outputs. Sewage flow is known to vary during the day, with peaks in the morning and in the evening. Degradation rates are also likely to vary according to the composition of the sewage/AS and thus according to time of day (Fox et al. ) . It is therefore important that worst-case conditions are considered within parameterisation because prediction based on daily averages can underestimate sub-daily losses into surface water. When working with ionisable compounds -which represent a significant proportion of the chemicals falling under the REACH legislation -sorption coefficients and H used as input should be representative of the pH of the system (pH 7 by default). If they are not available, the parameters used to estimate them (molecular weight, Kow, vapour pressure and solubility) should be representative of the neutral form so the influence of pH can be taken into account by the model. In this case, pH and dissociation constant are very sensitive parameters. Finally, model outputs can vary greatly according to whether or not partition coefficients are provided by the user and which mode of degradation is selected. Using triclosan as a base case, losses varied between 7.3 and 42.9% via water effluent, 23.1 and 35.0% via primary sludge, 1.8 and 9.1% via surplus sludge and 21.6 and 60.9% via degradation.
Among the parameters that describe the operation of the STP, the parameters describing the RS were shown to be the most sensitive (e.g. input solids, biological oxygen demand and fraction of OC). As mentioned above, the composition of the RS is variable and these parameters should therefore be adjusted very cautiously. Uncertainty analysis differs from sensitivity analysis in that values for input parameters are only varied within their range of expected uncertainty. For the current analysis, inputs were varied within a range of realistic values to represent an array of compounds and STP. Additional work would therefore be required to assess the uncertainty in outputs from the model arising from uncertainty in input parameters. SimpleTreat 3.0 was successfully validated against experimental data for two hydrophobic and slowly biodegradable chemicals (Artola-Garicano et al. ). On the other hand, it is a steady state model describing a highly non-steady system (e.g. quantitative and qualitative variation of the RS). SimpleTreat 3.1 is therefore a valuable screening tool to rank/ compare the behaviour of different compounds, but should be used carefully when the aim is to describe the behaviour of a chemical in a particular STP at any time. For the latter purpose, approaches accounting for fluctuations in wastewater quantity and quality should be preferred (e.g. neural network approach; Chen et al. ; Fang et al. ) .
